Graphene is a two-dimensional crystal that is stripped from pristine graphite and made of single layer of carbon atoms. Containing numerous functional groups, graphene derivatives (GDs) could be easily modified and have aroused great attention for potential applications in biomedicine. However, pristine graphene and graphene oxide (GO) could arouse cell and animal toxicity. To screen GDs with high biocompatibility applied for biomedicine, general comparison was performed about the toxicities of six GDs with diverse types of surface modification, size, and redox state, including GO, reduced GO (rGO), graphene quantum dot (GQD), aminated GQD (GQD-NH 2 ), carboxyl GQD (GQD-COOH), and graphene oxide quantum dot (GOQD). In contrast, it was found that large particle size, oxidation state, high concentration, and long exposure time were unfavorable factors affecting the cell viability. We further explored the mechanism of different toxicity, which could be contribute to cell membrane destruction by sharpened edges of GDs (LDH release, hemolysis), ROS production, immunoinflammatory responses, and activation of apoptotic pathways (IKK/IjBa/NF-jB and BAX/BCL-2). Overall, our combined data primarily explored the related biochemical and molecular mechanism underlying the biological behaviors and toxicity of GDs, and we also identified GQD, GQD-NH 2 , GQD-COOH, and GOQD could be safely used for biomedical application as drug carriers.
, tissue engineering (Fabbro et al., 2016; Smith et al., 2017) , etc.
However, more and more evidences have indicated that graphene and graphene oxide (GO) could elicit adverse effects (Mendonca et al., 2016; Modi et al., 2017; Mu et al., 2017; Shang et al., 2014; Sun et al., 2016; Zhang et al., 2017b) . It was reported that GO could induce vasculature cytotoxicity by cell apoptosis and death via activating autophagy (Lim et al., 2016) . GO could also evoke DNA lesion, granulomatous inflammation and growth retardation in offspring, etc. (Xu et al., 2016) . Recently, several researchers have devoted themselves to elucidating the biocompatibility of GDs. However, due to different size and surface modifications, contradictory results were displayed with various GDs (Chatterjee et al., 2015) . Most of the toxicity studies were limited to a single factor in vitro or in vivo. Therefore, at present, it is impossible to reach any unified conclusions about the mechanisms and toxic effects of GDs. Moreover, the toxicological profiles of GDs with different physicochemical characteristics have not been understood Clemente et al., 2017) , and no systemic comparisons and toxicity mechanisms have been done in vitro and in vivo, which are crucial to facilitate further rational applications in biomedicine.
GDs can act as drug carriers, due to high drug loading capacity, especially for hydrophobic drugs through covalent, noncovalent, and physical adsorption interactions . However, as foreign substances, GDs could be easily recognized and cleared by the reticuloendothelial system, resulting in low bioavailability as drug carriers (Liu et al., 2015) . Therefore, in order to select drug carriers with good biocompatibility and low toxicity, we developed a systematic investigation of six GDs with different surface modification, size, and redox state from multilevel to compare the toxicity in cell and animal experiments. Biological effects of GDs including cell viability, LDH release, ROS production, hemolysis, activation of apoptosis pathways in vitro and hematological, hemato-biochemical, especially GDs distribution and histopathological changes in vivo, were investigated. These findings will provide important information for the establishment of GDs in biomedical applications especially drug carriers.
MATERIALS AND METHODS
Preparation of GDs. GO (XF020), GQD (XF152), GQD-NH 2 (XF092), GQD-COOH (XF090), and GOQD (XF042) were obtained from Nanjing XFNANO Materials Tech Co Ltd. rGO was fabricated as follows: GO (2 mg/ml) and NaOH (100 lM) were incubated under slight stirring at 37 C for 2 h. Then the rGO was collected by intensive centrifugation (14 000 rpm, 0.5 h), followed by washing with deionized water and freeze-drying.
Characterization of GO materials. Size, height, and morphology of GDs in deionized water and cell culture medium (DMEM) were investigated by atomic force microscope (Agilent Technologies, Inc.). Zeta-potential of GDs in pure water was evaluated on a Zetasizer Nano ZS (Malvern, U.K.). Absorption and fluorescence were evaluated in deionized water by UV/vis spectroscopy (DU800, Beckman Coulter Inc.) and fluorescence spectrometry (F7000, HITACHI, Japan), respectively. Cytotoxicity assay. Cell viability was evaluated by MTT assay. First, cells (1 Â 10 4 /well) were cultured in 96-well plates at 37 C with 5% CO 2 -balanced air for 24 h. Next, GDs (1 mg/ml) were diluted to 12.5, 25, 50, 100, or 200 lg/ml with DMEM, and then treated with different cells for 6, 12, 24, 48, and 72 h (Mittal et al., 2016) . Afterward, 200 ll MTT solution (0.5 mg/ml in DMEM) was added to each well and further incubated for 4 h at 37 C. After careful aspiration of the supernatant, 100 ll DMSO was used to dissolve the formed purple crystals. Absorbance in each well was obtained at 595 nm on a microplate reader (EnSpire 2300, PerkinElmer). Each experiment was performed in triplicates.
Live/dead cell staining. The live/dead cell staining was performed with the calcein-AM/PI assay. Cells were grown on 12-well plates. After incubation with GDs for 24 h, cells were then stained with calcein-AM and PI for 10 min at 37 C as described in the kit protocol (Beyotime Biotechnology, China). Then the stained cells were observed by a laser scanning confocal microscope (CLSM, FV1000, Olympus, Japan).
LDH release assay. Lactate dehydrogenase (LDH) is a cytosolic enzyme. The release of LDH from cells can reflect the effect of GDs on cell membrane integrity. Cells (1 Â 10 4 /well) were cultured in 96-well plate, and incubated with GDs (12.5, 25, 50, 100, or 200 lg/ml) for 24 h. Then, supernatant was used for evaluating LDH with a commercial kit (Beyotime Biotechnology, China).
Absorbance was detected at 490 nm by EnSpire 2300 (PerkinElmer).
Measurement of ROS.
In the presence of reactive oxygen species (ROS), the peroxide-dependent 2 0 , 7 0 -dichlorodihydrofluorescein diacetate (DCFH-DA, Beyotime Biotechnology, China) can be oxidized to produce a green fluorescent compound (2 0 , 7 0 -dichlorofluorescein, DCF). Briefly, cells (3 Â 10 5 /well) were cultured on 6-well plates. After incubation with GDs (100 lg/ml) for 24 h, cells were cultured with DCFH-DA for 10 min, and then observed by a TE-2000 optical microscope (Nikon, Japan).
TUNEL assay. TUNEL assay was performed with a in situ cell death detection kit (Roche, Germany). Cells were grown on 12-well plates and incubated with GDs (100 lg/ml) for 24 h. Then, cells were fixed with 4% paraformaldehyde for 1 h and incubated with 0.1% Triton X-100 for permeabilization. Finally, cells were incubated with TUNEL reaction mixture (terminal deoxynucleotidyl transferase and TMR red labeled nucleotides), and analyzed under a TE-2000 optical microscope (Nikon, Japan).
Hemolysis assay. Different concentrations of GDs were cultured with 5% rabbit erythrocytes to detect the rate of hemolysis. After incubated at 37 C for 2 h, the mixture was centrifuged at 1500 rpm for 5 min. The absorbance of supernatant was obtained at 545 nm with a microplate reader, while distilled water (including 10% Triton X-100) used for the positive control, and 0.9% normal saline for the negative control. Hemolysis rates were calculated as follows: Hemolysis % ¼ (Test sample absorbance À Negative control absorbance)/(Positive control absorbance À Negative control absorbance) Â 100%. If the hemolysis rate is less than 5%, GDs meet the biological requirements in hemolysis test (ASTM, 2013; SPC, 2017 Hematology and blood biochemistry assay. Blood indexes such as the number of RBC, WBC, PLT, and hemoglobin were obtained with a Mindray BC-5380 hematology analyzer (Shenzhen, China). The activities of ALT, AST, BUN, and CREA were measured with leadmanbio kits (Beijing, China).
Histological examination. At the end of the experiment, all mice were sacrificed under deep anesthesia, major organs (heart, liver, spleen, lung, and kidney) were collected and fixed in 4% paraformaldehyde solution for 24 h. Then, fixed tissues were dehydrated and embedded in paraffin. Finally, 5 lm sections were stained with hematoxylin and eosin (HE), and assessed under a TE-2000 optical microscope (Nikon, Japan).
Western blot analysis. Total proteins were extracted with NP-40 lysis buffer. Equal amounts of proteins (20 lg/lane) were ran in SDS-PAGE. The primary antibodies were: anti-mouse NFjB, IjB, Figure 1 . Characterization of GDs. A, GDs morphology; B, lateral size; and C, height were observed using AFM microscopy in cell culture medium (DMEM, 10% fetal bovine serum). D, UV-Vis spectra of six GDs in aqueous solution. E, Fluorescence spectra of six GDs.
IKK, BCL-2, BAX, and b-actin. After adding HRP-conjugated second antibodies for 2 h, Western blotting signals were detected using a chemiluminescence system (Bio-Rad, California). The band intensity of NFjB, IjB, IKK, BCL-2, and BAX were normalized to b-actin.
Statistical analysis. Statistical differences were analyzed with SPSS software 18.0. Data are mean 6 SD, and group comparisons were carried out by one-way ANOVA with subsequent Tukey's post-test. p < .05 is indicated by a single asterisk (*), and p < .01 is indicated by a double asterisk (**).
RESULTS

Characterization of GDs
The lateral size, surface morphology, and height of GDs were measured with atomic force microscopy (AFM). As shown in
Supplementary Figure 1 , the average sizes of GO and rGO in deionized water were greater than that of GQD, GQD-NH 2 , GQD-COOH, and GOQD (115 6 9.7, 107 6 8.4, vs 35 6 4.7, 26 6 3.6, 42 6 4.1, and 39 6 7.2 nm, respectively). The height of GO, rGO, GQD, GQD-NH 2 , GQD-COOH, and GOQD in deionized water were 2.7, 2.5, 2.3, 2.6, 2.9, and 2.7 nm, respectively, which indicated that GDs have a thickness of 2-3 atomic layers (Chen et al., 2017; Lim et al., 2016) . Meanwhile, GDs in cell culture medium were also assessed by AFM (Figs. 1A-C), GO and rGO were obviously clustered with size up to 1.82 lm and 1.91 lm, height up to 21.8 nm and 23.1 nm, respectively. Although GQD, GQD-NH 2 , GQD-COOH, and GOQD had a certain increase in particle size and height (size less than 50 nm, height less than 15 nm), they still have good dispersion. Absorbance of GDs in deionized water was evaluated by UV/vis spectroscopy, as shown in Figure 1D , two characteristic peaks of GO were observed, one peak at 229 nm represented the electric p-p* transitions of C-C aromatic bonds, and the other at 300 nm could be assigned to np transitions of C ¼ O bonds. rGO exhibited an absorption peak at 265 nm for its deoxidation status, red-shifted when compared with GO p-p* absorption peak at 229 nm . The peaks of GQD, GQD-NH 2 , GQD-COOH, and GOQD at approximate 210 nm represented the electric p-p* transitions of C-C aromatic bonds (Zhu et al., 2015) . Because of the edge effects and quantum size effects, GQD, GQD-NH 2 , GQD-COOH, and especially GOQD emitted strong fluorescence signal with optimal excitation in deionized water, while GO and rGO showed weaker signal ( Figure 1E ), which is the reason why GQDs are often used as a good biological imaging tool Sekiya et al., 2016) . As shown in Supplementary Figure 2A , GO and rGO showed colloidal aggregation in both PBS and cell culture medium, and rGO was easier to aggregate for lack of oxygencontaining functional groups. In contrast, GQD, GQD-NH 2 , GQD-COOH, and GOQD displayed high dispersibility in deionized water, PBS, and cell culture medium. In order to further explain their stability difference, we tested the zeta potential, an important index of colloidal dispersing stability (Filip et al., 2017) . With the increasing absolute value of zeta potential, nanomaterials dispersion became more stable. As given in Supplementary Figure 2B , due to the decrease of oxygencontaining functional groups, the absolute value of zeta potential of rGO was reduced during the reduction process, which resulted in the low stability of rGO. GQD, GQD-NH 2 , GQD-COOH, and GOQD with high absolute value of zeta potential dispersed steadily.
Effect of GDs on Cell Viability
It was reported that GDs (larger than 5 nm) were mainly cleared out through the hepatobiliary system (Kiew et al., 2016) . As a result, human normal liver cells (HL-7702 cells) were selected for toxicologic research. Relative viabilities of HL-7702 cells were assessed by MTT assay and live/dead staining according to previously described procedure (Mao et al., 2013) . Cells were incubated with different concentrations of GDs (12.5, 25, 50, 100, and 200 lg/ml) for 6, 12, 24, 48, and 72 h at 37 C, respectively. The results in Figure 2A revealed that GQD, GQD-NH 2 , GQD-COOH, and GOQD with smaller particle size showed no obvious cytotoxicity on HL-7702 cells, even at a high concentration of 200 lg/ml. In contrast, cell viabilities were significantly decreased in dose-and time-dependent manners when incubated with large size GO and rGO. Figure 3 , the viabilities of these cells showed similar tendency with HL-7702 cells. HL-7702 cell viability was further confirmed by live/dead staining. Calcein-AM was used to stain live cells with green fluorescence whereas propidium iodide (PI) was used to stain dead cells with red fluorescence. As shown in confocal laser scanning microscopy images ( Figure 2B ), consistent with the MTT results, cells incubated with high concentration (200 lg/ml) of GO and rGO showed bright red fluorescence, indicating severe cell death was induced, and GO seemed to cause more cell death than rGO. In stark contrast, cells with GQD, GQD-NH 2 , GQD-COOH, and GOQD treatment gave out strong green fluorescence while remained dark in PI channel, indicating high cell viabilities, and there was no significant difference in cell death after different concentration of GQD, GQD-NH 2 , GQD-COOH, and GOQD treatment. Taken together, these results indicate that concentration, particle size, and redox state are more important factors for affecting cell viability.
Effect of GDs on the Cell Membrane Integrity
To explore the mechanism of cell death, first cell membrane integrity was tested by LDH release assay. The main role of cell membrane is to separate and protect cells from surrounding environment. Once the cell membrane is damaged, it will cause LDH release, cell dysfunction, and even cell death . However, the 2D lamellar structure GDs possess sharpened edges, which may act as "blades," cutting through cell membrane (Orecchioni et al., 2017) . The results in Figure 3 showed that cell membrane damage was largely dosedependent. GO-treated HL-7702 cells showed more LDH leakage than that of rGO, indicating that rGO showed less toxic than GO. Meanwhile, GQD, GQD-NH 2 , GQD-COOH, and GOQD displayed less toxic than GO and rGO, and no obvious differences appeared among GQDs.
Effect of GDs on ROS
ROS are normal metabolism products of oxygen in cells. However, when excessive ROS cannot be completely cleared by antioxidant enzymes, oxidative stress arises, intracellular metabolism and signal transduction will be influenced . Here, ROS was detected using a cell permeant dye (DCFH-DA), which could be oxidized by intracellular ROS and became a green fluorescent product (DCF). The number of HL-7702 cells with DCF fluorescence (representing the ROS level) was significantly increased after GO and rGO treatment for 24 h ( Figure 4A ). GO induced cells to produce the most ROS, which may be ascribed to that the cell-surface-covering GO hampered the uptake of essential nutrients into cells. The accumulated GO may also obstruct ion channels, thus resulting in ROS generation. Small size particles (GQD, GQD-NH 2 , GQD-COOH, and GOQD) did not significantly induce ROS generation. In order to quantify the generation of ROS, the fluorescence intensity of collected cells was detected by a fluorometer ( Figure 4B ). It can be seen that the quantitative results were consistent with that of fluorescence staining.
Effect of GDs on Apoptosis
Before evaluating the effect of GDs on apoptosis, the uptake of GDs into cells was determined. As shown in Supplementary  Figure 4 , GDs could be endocytosed into cytoplasm, and most of them co-localized with lysosomes. GDs entering cells would interfere with cell metabolism and cause toxic reactions. First, cell apoptosis was evaluated by TUNEL staining. As shown in Figure 5A , apoptotic cells were stained with red fluorescence. GO and rGO induced more apoptotic cells than GQD, GQD-NH 2 , GQD-COOH, and GOQD. To understand the mechanism of GDsinduced apoptosis, apoptosis-associated proteins were measured by Western blotting. NFjB is widely expressed as a regulator of genes that participate in cell proliferation and cell survival. The inactivated NFjB combines with the inhibitory protein IjBa and situates in the cytosol. Various of extracellular signals can activate IjBa kinase (IKK) by the recognition of cell membrane receptors. Next, IjBa will be phosphorylated by IKK, which results in separation and degradation of IjBa from NFjB (Li et al., 2017b; Rizwan et al., 2017) . Finally, the free active NF-jB initiates the expression of genes that maintain cells proliferating and defend cells from apoptosis (Ge et al., 2016; Zheng et al., 2017) . BCL-2 is an important anti-apoptotic protein, while BAX acts as an apoptotic activator and can dimerize with BCL-2 (Albamonte et al., 2013; Gai et al., 2015) . BAX could increase the permeability of the mitochondrial voltage-dependent anion channel (VDAC), which results in depolarization of membrane potential and release of cytochrome c (Chao et al., 2016) . As shown in Figure 5B , GO and rGO obviously increased the expression of IjBa and BAX, while reduced the expression of IKK, BCL-2, and NFjB in a dose-dependent manner, which indicated that GO and rGO could induce apoptosis via IKK/IjBa/NF-jB and BAX/BCL-2 pathways. GQD and GQD-NH 2 merely increased the expression of IjBa, reduced the expression of IKK and showed no significant effect on the expression of NFjB. As a result, GQD and GQD-NH 2 did not induce obvious apoptosis. GQD-COOH and GOQD showed no significant effect on the expression levels of BAX, BCL-2, IKK, IjBa, and NFjB, which suggested that they were nontoxic and induced no significant apoptosis.
Effect of GDs on Hemocompatibility
For intravenous application, nanomaterials first come into vessel and contact with blood cells. The hemocompatibility was detected by hemolysis assay to understand the interaction of GDs with RBCs. As shown in Figure 6 , the treatment of GQD, GQD-NH 2 , GQD-COOH, and GOQD with high concentration of 200 lg/ml for 2 h showed good hemocompatibility with ultralow hemolysis ratio (< 2%), lower than the ISO standard (5%). However, the hemolytic property of GO and rGO showed a concentration-dependent manner. The hemolysis ratio of GO was less than 5% under the concentration of 50 lg/ml, and increased to 10.45% (100 lg/ml) and 32.61% (200 lg/ml). Similarly, the hemolysis ratio of rGO was less than 5% under 100 lg/ml, and dramatically increased to 10.26% (200 lg/ml). Taken together, only GQD, GQD-NH 2 , GQD-COOH, and GOQD showed good hemocompatibility even at high concentration. These data suggested the concentration of GO and rGO should not be surpassed 50 lg/ml (GO) and 100 lg/ml (rGO) when used for safe in vivo experiment. Furthermore, surface groups of GDs did not show obvious effect on hemolysis, while concentration, particle size, and redox state were also important factors of hemocompatibility.
Toxicities of GDs in Mice
The relative toxicities of GDs were further evaluated in vivo by tail vein injection. First, the distribution of GDs were detected by living imaging technology. As shown in Figure 7 , 6 h after intravenous injection, GDs were dispersed in various organs. After 3 days, GO and rGO were reduced in heart, liver, spleen and kidney, and mainly gathered in the lung. Meanwhile, GQD, Figure 7 . Distribution of GDs in vivo. GDs were labeled with Cy 5 and assessed by living imaging technology for 6 h, 3 days, 7 days, and 14 days after GDs injection. GQD-NH 2 , GQD-COOH, and GOQD were reduced in all these five organs. GQD and GQD-COOH were completely cleared on the 7th day. GQD-NH 2 and GOQD were completely cleared on the 14th day. Then, weight, hematological indexes (RBC, hemoglobin, WBC, and PLT), indexes of liver function (ALT, AST), and indexes of renal function (BUN, CREA) were measured after treatment with GDs (10 mg/kg body weight) for 1 week and 2 weeks. The results in Figure 8A revealed that GO and rGO could cause weight loss after 2 weeks treatment, little change was caused after GQD, GQD-NH 2 , GQD-COOH, and GOQD treatment. As for erythropoiesis (Figs. 8B and C) , there was no significant difference in RBC and hemoglobin after incubation with GDs for 2 weeks. White blood cells (WBC) were obviously increased after treatment with GO (increased by 95%, 1 week; 104.5%, 2 weeks) and rGO (increased by 87%, 1 week; 94.5%, 2 weeks), indicating inflammatory responses were evoked by GO and rGO ( Figure 8D) . Meanwhile, as shown in Figure 8E , the number of platelets (PLT) was significantly decreased after GO and rGO administration for 1 week, and platelet recovered to normal range after 2 weeks. Platelets are important components to form blood coagulation and regulate immune response to eliminate invading pathogens and foreign materials. Platelets in peripheral blood may be activated to aggregate by GO and rGO, resulting in platelets depletion (Xu et al., 2016) . AST and ALT (parameters of hepatic injury, Figs. 8F and G), BUN and CREA (parameters of kidney injury, Figs. 8H and I) showed a large increase for 1 week, demonstrating that GO and rGO induced acute hepatic and renal injury. ALT, AST, BUN, and CREA levels dropped back but not to the normal range for 2 weeks, indicating a chronic liver and renal injury.
To further elucidate the toxicities of GDs in vivo, HE staining was used to evaluated GDs toxicity on major organs (heart, liver, spleen, lung, and kidney). In Figure 9A , the insets were images of lungs after intravenous GD administration. Lungs became dark, which represented the enhanced GO and rGO aggregation. Pulmonary vessels were significantly occluded with GO and rGO (red arrow). Pulmonary bullae (blue arrow) were formed by the fusion of destroyed alveolar. In addition, the alveolar septa (black arrow) were widened. As shown in Figure 9B , hydropic degeneration (black arrow) of hepatocytes occurred in GO and rGO treated groups. As a result, GO and rGO induced extensive lung and liver injuries but not spleen, kidney, and heart. GQD, GQD-NH 2 , GQD-COOH, and GOQD did not induce obvious injuries in all these organs. Taken together, GQD, GQD-NH 2 , GQD-COOH, and GOQD appeared less toxic in vivo.
DISCUSSION
With the wide application of nanotechnology in biomedicine, more and more studies have begun to focus on the biocompatibility and safety of nanomaterials. In this study, we assessed the toxicity of GDs in vitro and in vivo and evaluated the influence of concentration, size (GO, GOQD, and rGO, GQD), redox state (GO, rGO, and GOQD, GQD) , and surface groups (GQD, GQD-NH 2 , and GQD-COOH) on their biological interaction. Furthermore, to achieve better application in biomedicine, the toxicity mechanism of GDs were explored by evaluating LDH release, generation of ROS, expression levels of apoptosis-related proteins in vitro and hemocompatibility, histopathological changes in vivo.
First, viability of HL-7702 cells, treated with GO and rGO, appeared a dose-(12.5-200 lg/ml) and time-dependent (6-72 h) manner, while GQD, GQD-NH 2 , GQD-COOH, and GQD had no obvious effect on cell viability even at a high concentration (200 lg/ml) for a long time (72 h). Second, the size effects of GDs on toxicity were taken into account. It was reported that when the size of graphene is between 100 and 500 nm, the largest size may induce the most severe toxicity, and when the size of graphene is below 40 nm, the smallest size may be the safest (Akhavan et al., 2012) . The large size GO (1.82 lm) and rGO (1.91 lm) possessed higher toxicity than small size GOQD (49 nm) and GQD (45 nm) in physiologically relevant media (DMEM, 10% fetal bovine serum), which can be attribute to the faster sedimentation rate and aggregation of GO and rGO on the surface of cells in vitro, adsorbing and restraining the nutrient availability for growth (Xu et al., 2016) . Apoptosis occurred through generation of ROS and IKK/IjBa/NF-jB, BAX/BCL-2 pathways. Moreover, large size GO and rGO could undermine cell membrane by the physical damage, resulting in intracellular LDH release. Third, in order to prove the redox state effect on toxicity, the difference of toxicity between the oxidation state GO, GOQD, and reduction state rGO, GQD was performed. In this study, rGO was found to induce less cytotoxicity compared with GO, which was mainly due to that rGO was easier to aggregate in the cell culture medium for lack of oxygen-containing functional groups, reducing the covering area on the surface of cell and adsorption of other substances (such as proteins, gene). However, with approximately same sizes, the oxidation state GOQD and reduction state GQD showed no significant toxicity. The small size GOQD and GQD dispersed well in cell culture medium and rarely covered on the cell surface to restrain the nutrient availability, which further indicated that particle size was more important than the redox state as factors affecting cytotoxicity. Fourth, the influence of different functional groups (amino group, carboxyl group) on toxicity was explored by comparing GQD, GQD-NH 2 , and GQD-COOH. Owing to the existence of functional groups, the small size GQD, GQD-NH 2 , and GQD-COOH possessed high absolute value of zeta potential, good Figure 9 . Toxicity assessments in mice. A, Histological assessment of lungs with H&E staining after administrated with GDs (10 mg/kg body weight) for 1 week or dispersibility, and have little effect on the production of ROS, release of LDH, and apoptosis. Besides, in the presence of functional groups, they could be easily modified and widely applied in the biomedical field.
Finally, in order to further confirm the in vitro experiments, the toxicities of GDs in vivo was also estimated. Consistent with the in vitro results, GO and rGO rather than GQD, GQD-NH 2 , GQD-COOH, and GOQD, caused significant toxicity in vivo. The large size GO and rGO could easily absorb proteins and aggregate in the blood. On the one hand, as foreign substances, the aggregation could activate platelet to clot, increase inflammatory cells, and trigger immuno-inflammatory responses. On the other hand, it was found that GO and rGO aggregation mainly blocked in the lung blood vessels, which induced pulmonary histopathological changes consisting of the formation of pulmonary bullae and widened alveolar septa. Although GO and rGO aggregation were not found in other organs, hepatic and renal function were impaired, characterized by elevated ALT, AST, and BUN, CREA in serum. While GQD, GQD-NH 2 , GQD-COOH, and GOQD did not aggregate and block within capillaries, and thus showed no obvious toxic side effects in vivo.
CONCLUSIONS
The present study gave a systematic description of the in vitro and in vivo toxicities of GDs. Six kinds of GDs (GO, rGO, GQD, GQD-NH 2 , GQD-COOH, and GOQD) were used to evaluate the effects of intrinsic physicochemical properties including lateral size, redox state, surface groups, and f-potential on toxicities (Supplementary Table 1 ). Particle size was the most important factor affecting in vitro and in vivo toxicities, and GDs with smaller size appeared to be much less toxic. As for redox state, reduced graphene was less toxic than the oxidized graphene. With lower absolute value of zeta-potential, GDs were easier to aggregate and induced more toxicity. Surface groups such as amino, carboxyl, and hydroxyl had no obvious effect on toxicities. In addition, toxicities of GDs showed a dose-and timedependent manner. The molecular mechanisms responsible for GDs-associated toxicity were further explored, which could be contribute to cell membrane destruction by sharpened edges of GDs (LDH release, hemolysis), ROS production, immunoinflammatory responses, and activation of apoptotic pathways (IKK/IjBa/NF-jB and BAX/BCL-2). In conclusion, our research provided guidance for selecting the optimum material for biomedical applications, graphene with small particle size, reduction state, high absolute value of zeta-potential, and appropriate surface modification should be selected.
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Supplementary data are available at Toxicological Sciences online.
